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In the present  work,  lead-free  ferroelectric  0.715Bi0.5Na0.5TiO3-0.065BaTiO3-0.22SrTiO3 (BNT-BT-ST)  bulk
ceramics  with  3BaO-3TiO2-B2O3 (BTBO)  glass  additive  were  fabricated  by conventional  solid  state  reac-
tion  route.  The  effect  of glass  content  on microstructure  and  energy  storage  properties  of  BNT-BT-ST
ceramics  was  investigated.  The  maximum  energy  storage  of ∼203  kJ/m3 was  achieved  for  BNT-BT-ST
ceramic  with  addition  of  4 wt.%  glass.  The  4 wt.%  glass  addition  improves  energy  storage  density  and
energy  storage  efﬁciency  by  ∼15% and  ∼52%  higher  than  that  of the  pure  BNT-BT-ST,  respectively.  The
effect  of temperature  on  the  energy  storage  was also  estimated.  It  was  observed  the temperature  has  sim-lass addition
ead-free ferroelectric
caling
ilar effect  on  energy  storage  improvement  in  all compositions.  The  energy  storage  density  (U)  dependent
scaling  behavior  on  remnant  polarization  (Pr), maximum  polarization  (Pmax), electric  ﬁeld  (E)  and  temper-
ature  (T) was  also  studied.  The  results  of  this  study  are expected  to  largely  beneﬁt  the  ﬁeld  of  ferroelectric
based  capacitors  in discerning  the  dependency  of  U on  hysteresis  parameters  (Pr, Pmax, and  E) and  T.
©  2015  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Power electronics are widely used in a number of applications
uch as power distribution, spacecraft, transportation, weapons,
-ray and medical devices [1–5]. In these applications, all the com-
onents are used for power conditioning in pulsed circuit and
apacitors are indispensable components of pulse power devices
4,6,7]. Capacitors are used to deliver large amount of energy in a
ery short time. However, owing to the low energy density, a capac-
tor forms the major bulk of the any device [5,8]. Hence, compact
ize and lightweight capacitor are desirable with accompany-
ng high energy storage densities. High energy storage capacity
an be achieved by using materials with high dielectric constant
long with large electric breakdown strength [4,7,9]. Usually high
ielectric constant is associated with ferroelectric materials due
o dipolar polarizations and hence these materials are extensively
nvestigated for electrostatic capacitors [4,9,10]. However, these
aterials have lower electric breakdown strength. Hundreds of
aterials of this family have already been explored for such appli-∗ Corresponding author. Tel.: +91 1905 237921; fax: +91 1905 237945.
E-mail address: rahul@iitmandi.ac.in (R. Vaish).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2015.07.004
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Produccations. These include the conventional lead-based and the novel
lead-free ceramics such as Bi0.5Na0.5TiO3, K0.5Na0.5NbO3 (KNN),
BaTiO3 (BT), Bi0.5Na0.5TiO3-BaTiO3 (BNT-BT) and their solid solu-
tions [11–16]. Other materials’ properties, which are important for
capacitor applications, are low dielectric loss and low piezoelec-
tric constant. Recently, a number of studies have reported that
the dielectric breakdown strength of BT and barium strontium
titanate ceramics can be improved by addition of glass [6,7,9,17].
The results indicate that higher energy densities are thus possi-
ble without altering the material composition. We have performed
materials selection studies and reported that BNT family is supe-
rior for capacitor applications [18,19]. These materials are generally
used in polycrystalline form and have low electric breakdown
strength due electrically fragile grain boundaries. Few studies have
reported negative statistical correlation between dielectric con-
stant and electric breakdown strength in ferroelectric ceramics
[20–22]. Hence, it is important to attempt to increase electric break-
down strength while retaining large dielectric constant. One of the
handy solutions in this direction is incorporation of glass addi-
tives in ferroelectric matrix. Glasses have been reportedly added
to ferroelectric ceramics in order to facilitate their reduced sin-
tering temperature using viscous sintering [5,7,9,23]. Glasses have
very high electric breakdown strength and careful selection and
addition of glasses in ferroelectric ceramics could possibly enhance
their energy storage properties [17,23–25]. This is especially
tion and hosting by Elsevier B.V. All rights reserved.
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ffective if glasses reside in grain boundaries, as they then play
ctive role in fortifying electric breakdown strength. However,
lass addition can also drastically affect shape and size of grains
n the ceramics which affects the ferroelectric characteristics such
s maximum and remnant polarization and coercive ﬁeld val-
es [4,6,7,9,23,25]. The present study deals with energy density
nhancement by means of glass addition in ferroelectric composi-
ions.
Bi0.5Na0.5TiO3-BaTiO3-SrTiO3 is a lead-free ferroelectric com-
osition which has been extensively studied by a number
f researchers [24,26,27]. It possesses a morphotropic phase
oundary (MPB) for (1 − x)Bi0.5Na0.5TiO3-0.065BaTiO3-xSrTiO3
ompositions. Pure BNT has almost square shaped hysteresis loops
hich shrinks with addition of SrTiO3 (ST) [24,26,27]. We  have
elected 0.715Bi0.5Na0.5TiO3-0.065BaTiO3-0.22SrTiO3 (BNT-BT-ST)
omposition for present investigation as it has been reported for
ts high dielectric constant while possessing low hysteresis. Thus,
t forms an ideal candidate for enhancement of energy storage
ensity. In this work, we have also evaluated the energy storage
ensity (U) scaling behavior dependence on remnant polarization
Pr), maximum polarization (Pmax), electric ﬁeld (E) and tempera-
ure (T).
. Materials and method
Glass composition of 3BaO-3TiO2-B2O3 (BTBO) was  used in
he present study. It was fabricated via conventional melt-quench
echnique. For this purpose, reagent grade chemicals (99.8% pure)
aCO3, TiO2 and H3BO3 were used as starting materials. The raw
owders were weighed according to their stoichiometric ratio (in
oles) and melted in a Pt crucible at 1300 ◦C for 1 h. The melt
as quenched between stainless plates to obtain transparent glass
amples [25]. The amorphous nature of as-quenched glass was con-
rmed using X-ray powder diffraction (XRD) at room temperature.
0.715Bi0.5Na0.5TiO3-0.065BaTiO3-0.22SrTiO3 (BNT-BT-ST) com-
osition was fabricated using solid state reaction route. Reagent
rade (99.8% pure) powders of Bi(OH)3, Na2CO3, TiO2, BaCO3 and
rCO3 were used as starting raw materials. The powders were
eighed in stoichiometric proportions and thoroughly mixed and
alcined at 900 ◦C for 2.5 h. Glass was added in calcined BNT-BT-ST
owder with 2, 4, 6, 10% (by weight) and mixed thoroughly using
ortar pestle. The mixture was then added with 2 wt.% polyvinyl
lcohol (PVA) binder and subsequently pressed into the green pel-
et disks of size 12 mm × 1 mm (diameter × thickness). The pure
amples (without glass addition) were sintered at 1200 ◦C for 2.5 h,
hile glass containing samples were sintered at 1150 ◦C for 2.5 h. To
inimize evaporation of volatile elements, samples were embed-
ed within the powder of same composition. Silver paste was
oated on the circular faces of sintered pellets after proper grinding
nd polishing, to form electrodes. X-ray diffraction patterns (XRD)
ere recorded in order to conﬁrm single phase materials at room
emperature. Density of all sintered samples was measured using
rchimedes principle. The polarization versus electric ﬁeld (P–E)
ysteresis loops were obtained for evaluating energy density char-
cteristics of fabricated samples using a modiﬁed Sawyer–Tower
ircuit at different magnitude of electric ﬁeld and temperatures. The
lectrical measurements were carried out as a function of frequency
sing an impedance analyzer.
. Results and discussionFig. 1 shows XRD patterns of sintered pellets of BNT-BT-ST
eramics with BTBO glass (2, 4, 6, 10% by weight) addition. It can be
learly observed from Fig. 1 that all compositions under consider-
tion have formed a proper single phase perovskite structure. TheFig. 1. XRD patterns for the BNT-BT-ST ceramics with different glass addition. The
inset shows XRD patterns for as-quench glass.
nature of XRD indicates that upon addition of 2% glass also reaction
can take place between BNT-BT-ST and glass during the sinter-
ing process. However, we are unable to detect the exact nature
of chemical reaction due to limitation of XRD. However, in the
4 and 6% glass added composition two small unidentiﬁed peaks
are observed which conﬁrms chemical reaction between glass and
ceramics. BNT-BT-ST with 10% glass addition shows a number of
extra peaks indicating the presence of large amount of unknown
phases. Thus, it can be concluded that more than 6% of BTBO glass
addition in BNT-BT-ST induced largely unknown phases. Therefore,
in this work up to 6% glass added compositions have been used for
analysis. Furthermore, the inset of Fig. 1 shows XRD of as-quenched
glass at room temperature. It indicates that no peak is observed
which conﬁrms the amorphous nature of glass. For the present
work BTBO (3BaO-3TiO2-B2O3) glass composition was selected for
two reasons. First, the chemical composition of glass is similar to
that of ceramic composition. Secondly, it has been reported for
high dielectric constant, low loss and a frequency invariant behav-
ior [28,29]. Moreover, recently our group has published an article
on the effect of BTBO glass addition for improving energy storage
density in BaTiO3-V2O5 ferroelectric material [25]. Therefore, it is
selected as a suitable glass composition for addition into BNT-BT-
ST ceramic. Furthermore, recently our group has also published an
article on temperature dependent scaling behavior of the dynamic
hysteresis in BNT-BT-ST, whereas the current work deals with the
glass added energy storage scaling behavior in the under-study
compositions [30].
Microstructural homogeneity and characteristics of sintered
pellets were observed by scanning electron micrograph (SEM).
Fig. 2 shows the SEM images of 0, 2, 4 and 6% (BTBO) added BNT-BT-
ST compositions. It is observed that as the glass content increases,
grain size increases notably and the size distribution is observed
to be more uniform. As shown in Fig. 2(a) pure BNT-BT-ST has
small grain size and uneven distribution; however, the grain size
increases with increasing glass content (Fig. 2(b) and (c)). However,
at 6 wt.% glass addition, melting of the ceramic is observed which
leads to unobvious grain boundaries (Fig. 2(d)). This effect of glass
addition on grain size has been previously reported in the literature
[31,32]. The glassy phase is usually located at grain boundaries as
depicted in Fig. 2(b) and (c). The amorphous nature of the glassy
phase can be conﬁrmed by XRD (absence of extra peaks) as shown
S. Patel et al. / Journal of Asian Ceramic Societies 3 (2015) 383–389 385
T-ST s
i
t
l
d
a
d
n
w
t
w
F
cFig. 2. SEM micrographs of different glass-added BNT-B
n Fig. 1. It is important to mention that grain size is known to affect
he piezoelectric, ferroelectric and dielectric properties.
Room temperature polarization–electric ﬁeld hysteresis (P–E)
oops of pure BNT-BT-ST and glass-added BNT-BT-ST samples are
epicted in Fig. 3. The measurement frequency was  kept constant
t 50 Hz. Fig. 3 clearly shows that the hysteresis loop parameters
ecrease with increasing glass content. Pure BNT-BT-ST has a rem-
ant polarization (Pr) of 8.15 C/cm2 which reduces signiﬁcantly
ith 2, 4, 6% glass-addition to 7.03, 5.69 and 5.42 C/cm2, respec-ively. The reduction in remnant polarization is also accompanied
ith the decrease in maximum polarization (Pmax) and coercive
ig. 3. The room-temperature P–E hysteresis loops for different BNT-BT-ST ceramics
ompositions.amples: (a) 0 wt.%, (b) 2 wt.%, (c) 4 wt.%, and (d) 6 wt.%.
ﬁeld. Therefore, to achieve an optimum polarization (Pr and Pmax)
an appropriate amount of glass addition is the key factor [25].
Fig. 4 shows the P–E hysteresis loops for 0, 2, 4 and 6% compo-
sitions under the operating temperatures range of 25 ◦C to 125 ◦C.
It clearly indicates that as the temperature increases Pr and Pmax
decrease according to Curie–Weiss law. Increasing temperature
imparts thermal agitation to the pervoskite structure and increases
the symmetry of the system which affects polarization and dielec-
tric properties. However, it is observed that glass addition improves
the thermal stability of ferroelectric response as compared to pure
ceramic. Addition of glass can also be credited with producing
domain pining effect due to the difference in thermal expansion
coefﬁcient of glass and ceramic. Heating of the material generates
internal stress between glass and ceramic phases at micro-level
which ultimately leads to domain pinning and reduces Pmax. Fur-
ther, these stresses are compressive in nature which helps to
counter thermal depolarization by maintaining structural integrity.
However, with increase in temperature a simultaneous reduction
of remnant polarization, coercive electric ﬁeld and hysteresis losses
is also observed in all the compositions under study.
In order to compare the energy storage performance of BNT-
BT-ST ceramics with different glass contents, the energy storage
density has been calculated by using data generated from P–E loops
and represented in Figs. 5 and 6. In general, the electrical energy
storage capacity in ferroelectric materials can be estimated by inte-
grating the area between the discharge curve of P–E loop and the
polarization, within the interval of Pr to Pmax. The inset of Fig. 4(a)
shows the area for the estimation of energy storage from P–E hys-
teresis loops. This can be mathematically expressed as [33–35]:∮ Pmax
U =
Pr
E · dP (1)
Here, U is the electrical energy storage density; E is the applied
external electric ﬁeld, Pr and Pmax are the remnant and maximum
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ferroelectric capacitor is a combination of the recoverable (U)ig. 4. P–E hysteresis loops as a function of temperature for (a) 0 wt.%, (b) 2 wt.%, (c
f  energy storage and loss.
olarization, respectively. However, Eq. (1) represents only the
ecoverable energy density, when the integration is done with
espect to discharging curve. Furthermore, it can be stated that
from Eq. (1)), a high dielectric breakdown strength of material
ncreases the energy density. The energy required to charge a
ig. 5. Energy storage density and energy storage efﬁciency of BNT-BT-ST ceramics
s a function of glass content..%, and (d) 6 wt.% glass containing samples. The inset of ﬁgure (a) shows schematicenergy and hysteresis losses (Uloss). The losses or unused energy
density (Uloss) is deﬁned as the area enclosed by charging and dis-
charging curves (numerical integration of closed area under the
Fig. 6. Temperature dependences energy storage density with different glass addi-
tions.
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ysteresis loop). Within the inset of Fig. 4(a), hatched area shows
ecoverable energy storage (U), whereas the area enclosed by the
harging and discharging curves (hysteresis loop) displays losses
Uloss). Dielectric losses are generally manifested in the form of self-
eating or piezoelectric noise. Thus, total energy (Utotal) required to
harge a capacitor can be given as [33–35]:
total = U + Uloss (2)
urther, electrical energy storage efﬁciency () of the material can
e evaluated by [33–35]:
 = U
Utotal
(3)
t is clear from Eq. (3) that small value of  could be due to large
ysteresis losses. Therefore, it can be improved by reducing the
osses. The electrical energy storage density and storage efﬁciency
alculated from Eqs. (1) and (3), for all compositions under study,
ave been plotted in Fig. 5. It is evident from Fig. 5 that the recov-
rable energy storage density ﬁrst improves and then decreases
ith increasing glass content. Glass addition can be credited with
ncreasing domain pining effect and consequently reduces Pr and
max ultimately resulting in a higher energy density. Among all the
amples, 4 wt.% glass sample possesses highest U of ∼203 kJ/m3,
hich is 15% higher than that of pure BNT-BT-ST ceramic. Consec-
tively, it also increases the energy storage efﬁciency by ∼52% as
ompared to pure BNT-BT-ST. Addition of glass can also increase
he dielectric breakdown strength which can be used to further
mprove the energy density [36]. However, this has not been inves-
igated for the current study. Addition of glass is also credited with
owering the leakage current which helps to improve the energy
fﬁciency.
Subsequently, the temperature dependent energy storage char-
cteristics were also investigated and reported in Fig. 6. It is to
e noted that as the temperature increases, energy storage also
mproves for all the compositions under study. This is due to the
act that Pr and Pmax decrease rapidly in pure BNT-BT-ST as com-
ared to glass-added compositions (shown in Fig. 5). This behavior
an be attributed to buildup of internal stress or domain pinning as
iscussed in above sections. Hence, the amount of energy storage
mproves with temperature. The improvement of energy storage
s ∼20% in pure BNT-BT-ST and 15% in 4 wt.% glass sample. How-
ver, in most of the devices maintaining a constant temperature
s not feasible. It is also to be noted that with temperature energy
torage efﬁciency also improves. Higher temperatures reduce the
eversible part of polarization which ultimately leads to decrease
n hysteresis [21,24,27,37,38].
Finally, an analysis of scaling of energy storage (U) versus Pr
nd Pmax for all the compositions was done. The results have been
lotted in Fig. 7(a) and (b). In order to determine the scaling param-
ters, curves were plotted between logarithmic form of (U) versus
r and Pmax. In Fig. 7(a) and (b), all the data for electric ﬁeld of
7.5–35 kV/cm, a constant temperature and frequency of 25 ◦C and
0 Hz, respectively have been reported. Fig. 7(a) clearly indicates
he U versus Pr possesses an increasing trend for all compositions.
he dependence of U on ln Pr can be ﬁtted very well by the linear
east square-ﬁtting method (with R2 ∼ 0.96–0.99). For simpliﬁca-
ion, the scaling relation between (U) versus Pr can be expressed
s U ∝ Pnr , where n is estimated from slope of ln U/ln Pr. The value
f n is given in Table 1. It clearly indicates that energy storage in
ure BNT-BT-ST is strongly dependent on Pr as compared to other
ompositions. Pure BNT-BT-ST is the most sensitive to changes in
r with the maximum variation in U being observed to be almost
–4 times higher than other compositions. However, 6% glass com-
osition shows least dependence (almost linear) with respect to
r. It can thus be concluded that a small reduction in Pr can sig-
iﬁcantly increase energy storage density in BNT-BT-ST. Therefore,Fig. 7. The energy storage density (U) dependency of BNT-BT-ST ceramic compo-
sitions at 25 ◦C with (a) remnant polarization (Pr ) and (b) saturation polarization
(Pmax) under the applied electric ﬁeld of 17.5–35 kV/cm.
this scaling can be employed for quantiﬁcation of energy storage
dependency as a function of Pr. Similar calculations were also per-
formed for U versus Pmax (shown in Fig. 7(b)). The relation between
them can be expressed as U ∝ Pmmax, where m is estimated from
slope of ln U/ln Pmax as listed in Table 1. Energy density of pure
BNT-BT-ST again strongly depends on Pmax as compared to other
compositions. In Fig. 7(a) and (b), symbols n and m denote the
slopes for plots of energy storage (U) versus Pr and Pmax, respec-
tively. It can be observed that n and m are almost similar for glass
added compositions. Therefore, it can be assessed that U is strongly
dependent on Pmax in samples containing 2% and 6% glass, whereas
sample with 4% glass has a U dependency almost similar for both Pr
and Pmax. However, for pure ceramics (without glass), n is almost 2
times larger than the m, indicating that U varies rapidly with varia-
tion in Pr and Pmax in pure BNT-BT-ST as compared to glass–ceramic
composites. This scaling parameter of n and m signiﬁes the energy
storage variation with hysteresis parameters. Moreover, n and m
can be used to estimate the energy storage behavior of under study
compositions.
Furthermore, investigations to discern the dependence of
energy density (U) on electric ﬁeld strength (E) and temperature
(T) were also performed. The results for the same are shown in
Fig. 8(a) and (b), respectively for all compositions. The plot for ln U
versus ln E at 25 ◦C is depicted in Fig. 8(a). These plots can be ﬁtted
very well by employing linear least square-ﬁtting method (with
Adj. R2 ∼ 0.97–0.98) indicating a very good linearity of the U–E
curves. The scaling relation between U versus E can be expressed
as U ∝ Ek where k is estimated from slope of ln U/ln E as given
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Table 1
Energy storage density scaling exponents with linear least square-ﬁtting (Adj. R2) for glass added BNT-BT-ST compositions.
Glass content (wt.%) U ∝ Pnr U ∝ Pmmax U ∝ Ek U ∝ Tl
n ∼R2 m ∼R2 k ∼R2 l ∼R2
0 4.35 0.97 2.43 0.98 2.12 0.98 0.10 0.94
i
s
i
b
B
c
l
d
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t
3
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w
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F
(2  1.76 0.98 1.88 
4  2.09 0.98 1.87
6  1.06 0.99 1.83 
n Table 1. Fig. 8(a) shows that as electric ﬁeld increases energy
torage also increases. It also indicates that U of pure BNT-BT-ST
s highly dependent on E as compared to other samples. It can
e said that E inﬂuences domain-domain interaction in pure
NT-BT-ST ceramic to a larger extent. However, glass–ceramic
omposites possess less inter-domain interaction which untimely
owers their dependence on E. Estimation of energy storage (U)
ependent scaling behavior with respect to remnant polarization
Pr), maximum polarization (Pmax) has also been attempted. For
his purpose the electric ﬁeld (E) was varied between 17.5 and
5 kV/cm. It could then be inferred that the scaling is ultimately
n effect of the applied electric ﬁeld intensity.
In the ferroelectric ceramics, oxygen vacancy is an important
ey factor to control domain growth and shrinking. The oxygen
acancy is mobile and generally trapped at the ferroelectric domain
all which results in domain wall clamping [37,39,40]. Therefore,
t lower electric ﬁelds trapped oxygen vacancies are high and
omain switching rarely occurs due to suppression of the polar-
zation. It is a result of domain wall pinning. However, under the
ig. 8. The energy storage density dependency of glass-added compositions with
a)  electric ﬁeld (U–E) curves at 25 ◦C and (b) temperature (U–T) curves at 35 kV/cm.0.99 1.84 0.98 0.10 0.93
0.98 1.76 0.97 0.10 0.94
0.99 1.84 098 0.14 0.97
applied higher electric ﬁeld, less oxygen vacancy occurs due to
higher dipole movement which allows bigger domain switching
by moving oxygen vacancies aside which get accumulated at other
boundaries [37,39,40]. This is the main reason of increase in coer-
cive electric ﬁeld (Ec), Pr and Pmax as the electric ﬁeld increases
which contributes to increasing the energy storage density.
Fig. 8(b) indicates ln U versus ln T curves in the temperature
range of 20–125 ◦C measured at 35 kV/cm. In the same way U
versus T can be expressed as U ∝ Tl, where l can be determined
from ln U/ln T which is presented in Table 1, with good ﬁtting.
Fig. 8(b) also shows that T dependence of U is almost similar for all
the compositions. Therefore, it can be concluded that temperature
variation has similar effect on energy density for all composi-
tions. Such scaling can be employed to help quantify the effect of
remnant polarization (Pr), maximum polarization (Pmax), electric
ﬁeld (E) and temperature (T) on energy storage (U) in ferroelec-
tric materials. Additionally, dielectric constant (ε) and loss (tan ı)
as a function of frequency have been measured at room tempera-
ture. Fig. 9(a) and (b) displays dielectric constant (ε) and loss (tan ı)
Fig. 9. (a) Relative dielectric permittivity and (b) dielectric loss plots of BNT-BT-ST
ceramic compositions as a function of frequency.
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espectively, for pure and glass added BNT-BT-ST ceramics. It
ndicates that dielectric constant decreases with increasing glass
ontent. It is established that physical-conﬁnement (compressive
tress) can reduce dielectric constant due to domain pining [41–43].
n this context, a number of researchers have discussed this phe-
omenon in various ferroelectric and antiferroelectric materials
sing domain dynamics [44–47]. Similarly, glass also induces
omain clamping/pining by means of internal-conﬁnement. Hence,
he dielectric constant is reduced with increasing glass content,
s shown in Fig. 9(a). Similarly, dielectric loss also decreases with
lass content, whereas addition of 4% glass increases dielectric
oss as compared to pure BNT-BT-ST. Furthermore, dielectric con-
tant and loss vary with frequency due to space-charge polarization
ontributions. The effect of frequency on dielectric constant and
oss has been extensively studied by a number or researchers
17,27,44,48–51].
. Conclusions
In this work, lead-free ferroelectric 0.715Bi0.5Na0.5TiO3-
.065BaTiO3-0.22SrTiO3 (BNT-BT-ST) bulk ceramics were fabri-
ated with the addition of 3BaO-3TiO2-B2O3 (BTBO) glass to
nhance the energy storage properties. A small secondary uniden-
iﬁed phase was detected in XRD indicating that some minor
hemical reaction happened between the added glass and host
eramic during sintering process. It was found that addition of
 wt.% glass improves energy storage density by ∼15% as compared
o pure BNT-BT-ST. Consecutively, it also increases the energy stor-
ge efﬁciency by ∼52% higher than that of the pure BNT-BT-ST. The
emperature dependent energy storage was also estimated which
hows similar energy storage improvement behavior in all the com-
ositions. The energy storage (U) dependency scaling behavior on
emnant polarization (Pr), maximum polarization (Pmax), electric
eld (E) and temperature (T) was also evaluated.
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